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INTRODUCTION 

Inverted-F  antennas  (IFAs)  are  a  popular  choice  for  wireless  consumer  electronics  because 
they  can  easily  be  included  as  additional  artwork  on  printed  circuit  boards  (PCBs).  Numerous  design 
variations  exist  to  facilitate  communication  standards  such  as  IEEE  802.1 1  (ref.  1). 

Antennas  are  typically  used  in  artillery,  mortar,  tank,  and  other  munitions  for  global 
positioning  system  or  telemetry  capabilities.  Since  the  bodies  of  munitions  are  mostly  metal,  and 
their  outer  profile  must  be  maintained  for  flight  characteristics,  they  provide  a  more  challenging 
antenna  placement  problem  than  typical  consumer  products  whose  chassis  tend  to  be  made  of 
plastic  and  can  allow  for  protruding  antennas  such  as  monopole  whips  or  blades. 

One  antenna  solution  that  is  commonly  used  is  to  place  several  patch  or  cavity-backed  slot 
radiators  around  the  body  of  the  munition  in  a  wraparound  configuration  (refs,  2  and  3).  The  main 
lobe  of  each  patch  or  slot  aperture  covers  an  angular  sector  around  the  azimuthal  plane  of  the 
munition.  These  antennas  can  either  be  individual  substrates  placed  in  a  pocket  on  the  side  of  the 
round  (refs.  4  and  5),  or  they  can  be  made  on  a  single  curved  substrate  to  form  an  array  that  is 
wrapped  around  the  circumference  of  the  munition  (ref.  6).  The  metal  body  of  the  munition  acts  as 
the  ground  plane 

Another  option  is  to  attempt  to  cut  slots  in  the  body  of  the  munition  to  form  slot  antennas.  As 
the  slot  will  affect  the  structural  integrity  of  the  munitions,  this  option  is  limited  to  only  high  frequency 
communication  links  where  the  slot  dimensions  can  be  made  small. 

Another  option  is  to  attempt  to  integrate  antennas  on  the  very  extreme  ends  of  the  munitions 
(the  nose  or  the  fins)  and  use  the  remainder  of  the  projectile  as  a  ground  plane.  Using  the  nose 
usually  requires  that  the  nosecone  be  made  of  a  plastic  material  to  support  an  embedded  monopole, 
patch  (refs.  7  and  8),  or  scimitar  (ref.  9). 


ANTENNA  DESIGN  AND  FABRICATION 

The  designed  inverted-F  antenna  is  shown  in  figure  1 ,  which  consists  of  a  radiating  element 
mounted  vertically  over  a  circular  ground  plane.  It  was  originally  designed  to  replace  a  straight  wire 
monopole.  It  is  embedded  in  a  cavity  within  an  Ultem™  2300  nosecone,  whose  outside  profile 
conforms  to  the  North  Atlantic  Treaty  Organization  STANAG  2916  fuze  standardization  agreement. 
The  cavity  is  filled  with  Eccostock®  FPH  and  CAT  1 2-1  OH  filler  material  for  high-G  shock  survivability. 
Note  that  the  antenna  is  located  on  the  center  of  its  ground  plane,  unlike  typical  inverted-F  antennas 
found  in  consumer  electronics,  which  are  usually  located  toward  the  outer  edges  of  their  ground 
planes. 
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Figure  1 

Designed  inverted-F  antenna  (front  view) 

The  antenna  is  implemented  as  traces  on  a  pair  of  FR4  printed  circuit  boards.  The  first  circuit 
board  is  used  as  a  ground  plane,  and  it  consists  of  a  circular  0.031  -in.  FR4  core  material  with  30-mm 
outer  diameter  mounted  horizontally.  Through  holes  are  provided  to  support  a  board-mount  coaxial 
connector.  The  second  circuit  board  acts  as  the  main  antenna  radiator  and  is  made  of  a  single-sided 
0.031 -in.  FR4  board  mounted  vertically.  Dimensions  of  the  traces  and  ground  plane  are  shown  in 
figure  2  and  table  1.  The  I  FA  includes  a  5  by  10-mm  ground  stub  trace,  a  tapered  1.2  by  10-mm 
feed  trace,  and  a  meandered  0.3-mm  trace,  whose  dimensions  were  determined  experimentally.  A 
feeding  probe,  extending  from  the  center  pin  of  the  coaxial  connector,  is  soldered  to  the  feed  trace, 
which  shifts  the  I  FA  board  slightly  off  center.  The  ground  plane  is  soldered  to  the  I  FA  board  at  the 
ground  stub  and  also  at  a  small  2-mm  square  for  mechanical  support,  as  shown  in  figure  3. 
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Figure  1 

Designed  inverted-F  antenna  with  dimensions 
Tablel 

Designed  inverted-F  antenna  dimensions 


Name 

Value  (mm) 

H 

10 

G 

5 

FI 

0.7 

F2 

1.2 

F3 

2.986 

F4 

8.55 

Ml 

4.6 

M2 

4.3 

M3 

4.3 

M4 

2 

M5 

8 

T 

0.3 

W 

11.95 

B 

2 

SI 

20.2 

S2 

18 

R 

6.6 
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(a) 

Fabricated  antenna 
(front  view) 


(b) 

Fabricated  antenna 
(bottom  view) 


(c) 

Fabricated  antenna 
and  nosecone 
partially  assembled 


Fully 


(d) 

assembled  nosecone 
(front  view) 


(e) 

Fully  assembled  nosecone 
(bottom  view) 


Figure  3 

The  ground  plane  soldered  to  the  IFA  board  at  the  ground  stub  and  also  at  a  small  2-mm  square  for 

mechanical  support 

The  antenna  design  began  as  a  standard  inverted-F  configuration  with  a  horizontally 
meandered  trace,  a  ground  stub  the  same  width  as  the  trace,  and  a  5-mm  separation  from  the 
ground  plane.  A  modest  bandwidth  was  achieved.  When  the  width  of  the  ground  stub  was 
increased,  the  ground  plane  separation  was  raised  to  10  mm,  the  meandered  trace  was  snaked 
upward,  and  a  larger  bandwidth  was  achieved. 
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ANTENNA  SIMULATIONS 

Simulations  of  the  antenna  were  performed  using  Ansoft  High  Frequency  Electromagnetic 
Field  Simulation  software  (HFSS  2014)  with  the  geometry  shown  in  figures  4  and  5.  A  “discrete 
sweep”  simulation  was  used  for  return  loss  plots,  consisting  of  200  linearly  stepped  points  from  2  to  3 
GHz.  A  single  solution  at  2.254  GHz  was  used  for  all  radiation  pattern  plots.  All  geometry  is 
surrounded  by  a  radiation  absorbing  boundary  condition  layer.  Far-field  calculations  are  derived 
from  a  virtual  radiation  surface  within  the  outer  boundary.  The  antenna  traces  were  modeled  as  thin, 
20-pm  thick  rectangular  perfect  electrical  conductor  (PEC)  volumes;  the  ground  plane  was  modeled 
as  a  30-mm  diameter  sheet  with  a  PEC  boundary  condition  with  a  cutout  for  a  coaxial  feed.  Material 
properties  are  provided  in  table  2.  Geometry  mimicking  a  50-ohm  coaxial  cable  was  included, 
feeding  the  antenna. 


Figure  4 

Simulation  geometry  showing  upper-half  of  M795  body,  nosecone,  and  antenna  (isometric  view) 
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(a)  (b) 

Cross  section  view  of  simulation  Cross  section  view  of  simulation  geometry 
geometry  showing  absorption  magnified  on  nosecone  section 

boundary  (red)  and  virtual 
radiation  box  (blue) 


Figure  5 

Antenna  geometry  modelled  in  Ansys  HFSS  2014 
Table  2 

Simulation  materials  and  associated  properties 


Name 

Relative 

permittivity 

Dielectric  loss 
tangent 

Relative 

permeability 

Bulk  condition 
(s/m) 

Eccostock® 

1.25 

0.005 

1 

0 

PEC 

1 

0 

1 

1e30 

Teflon™ 

2.1 

0.001 

1 

0 

Ultem™ 

3.5 

0.0014 

1 

1e-15 

Vacuum 

1 

1 

0 

0 

ANTENNA  MEASUREMENTS 

The  return  loss  of  the  antenna  was  measured  using  an  HP  8753E  vector  network  analyzer 
(VNA).  The  antenna  was  mounted  in  the  Ultem™  2300  nosecone  and  encapsulated  with  the 
Eccostock®  foam.  The  VNA  was  connected  directly  to  the  subminiature  version  A  connector  on  the 
underside  of  the  ground  plane  using  coaxial  cables. 

The  radiation  pattern  of  the  antenna  was  measured  in  an  anechoic  chamber  (17.20  by  3.35 
by  3.35  m,  SFC-16  anechoic  foam)  with  its  position  and  orientation  controlled  by  a  Diamond 
Engineering  measurement  system  model  XI 00  turntable.  Unlike  the  return  loss  tests,  the  antenna 
was  mounted  on  the  upper  portion  of  an  M795  projectile,  as  shown  in  figures  6  and  7.  A  metal  ogive 
section  was  also  included  between  the  nosecone  and  half-projectile.  A  list  of  equipment  used  is 
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given  in  table  3.  The  antenna  gain  was  derived  from  the  measured  receive  power  using  the  values 
and  formulas  shown  in  table  4. 


Figure  6 

Anechoic  chamber  and  M795  fixture  used  for  radiation  pattern  testing,  vertically  positioned  to 

measure  pattern  in  the  azimuthal  plane 


Figure  7 

Anechoic  chamber  and  M795  fixture  used  for  radiation  pattern  testing,  horizontally  positioned  to 

measure  pattern  in  the  elevation  plane 

Table  3 

Anechoic  chamber  test  equipment  used 


Nomenclature 

Model 

Serial  number 

Manufacturer 

S-band  antenna 

12-1.7 

353 

Scientific  Atlanta 

Wideband  amplifier 

ZVA-213S+ 

040601239 

Mini-Circuits 

Power  sensor 

E4413A 

US37181590 

Agilent 

Power  meter 

E4419A 

US38260654 

Agilent 

Positioner  table 

XI 00 

N/A 

Diamond  Engineering 

Power  supply  for  transmitter 

E3620A 

KR51301 180 

Hewlett  Packard 

Power  supply  for  amplifier 

6205C 

241 1A-1 0806 

Hewlett  Packard 
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Table  4 

Gain  calculation  values  and  formulas 


Name 

Value 

Description 

f 

2.254  GHz 

Center  frequency 

Pt 

0  d  Bm 

Transmit  power 

Lc 

2.3  dB 

Sum  of  cable  losses 

Lp 

60.12  dB 

Path  loss 

R 

10.73  m 

Distance  between  horn  and  antenna-under-test 

Gr 

16.3  dBi 

Gain  of  horn  antenna 

Ga 

27.50  dB 

Gain  of  amplifier 

Pr 

Power  received 

Gt 

Pr-Pt+Lp+Lc-Gr-Ga 

Gain  of  antenna-under-test 

The  antenna  was  measured  in  two  orientations:  vertical  and  horizontal.  Vertically  oriented, 
the  antenna  was  placed  in  the  center  of  the  turntable  and  spun  to  gather  the  radiation  pattern  in  the 
azimuthal  plane,  as  shown  in  figure  6.  This  pattern  was  measured  twice,  with  receiver  horn  antenna 
polarized  vertically  (i.e.,  co-polarization)  and  horizontally  (cross-polarization). 

Horizontally  oriented,  the  antenna  was  placed  on  the  turntable  lying  flat  with  the  axis  of 
rotation  coincident  with  the  bottom  threads  of  the  half-M795.  The  antenna  was  supported  above  the 
table  with  several  foam  blocks,  and  spun  to  collect  the  radiation  pattern  in  the  elevation  plane,  as 
shown  in  figure  7.  This  pattern  was  measured  twice  with  receiving  horn  antenna  polarized 
horizontally  (i.e.,  co-polarization)  and  vertically  (cross-polarization). 


ANTENNA  RESULTS 


Return  Loss 

The  results  of  the  simulated  and  measured  return  loss  are  shown  in  figure  8.  The  minimum 
measured  return  loss  was  detected  at  -18.89  dB  at  a  center  frequency  of  2.188  GHz.  The 
impedance  bandwidth  of  the  antenna  (S11  <  -10  db)  was  measured  to  be  100  MHz  (4.5%),  from  2.14 
GHz  to  2.24  GHz.  This  is  in  close  agreement  with  the  simulated  return  loss,  which  showed  a 
minimum  of  -27.38  dB  at  2.23  GHz  (a  2%  frequency  error  with  respect  to  measurement)  and  an 
impedance  bandwidth  of  1 10  MHz  (4.9%),  from  2.18  to  2.29  GHz. 
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^—Sim  ulated 
^—Measured 


Figure  8 

Measured  and  simulated  return  loss  plot  [S1 1  (db)  versus  frequency] 

Radiation  Pattern  at  2.254  GHz 

The  antenna’s  radiation  pattern  at  the  intended  operating  frequency  is  generally  omni¬ 
directional  in  the  azimuthal  plane.  The  three-dimensional  (3D)  renderings  of  the  simulated  radiation 
pattern  are  given  in  figure  9a  and  b.  The  pattern  is  reminiscent  of  that  of  a  dipole,  with  two  deep 
nulls  located  at  the  top  and  bottom,  similar  to  antenna  patterns  shown  in  reference  10.  Diffraction  is 
seen  to  occur  around  the  sides  of  the  projectile,  as  shown  in  figure  10. 
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(a) 

Top  view 


(b) 

Bottom  view 
Figure  9 

3D  rendering  of  simulated  antenna  radiation  pattern 
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Figure  10 

E-field  magnitude  plot  in  the  XZ  plane 

The  antenna’s  radiation  pattern  in  the  elevation  plane  at  2.254  GHz  is  shown  in  figure  1 1 . 

The  maximum  gain  measured  was  0  dBi,  with  an  angular  coverage  (herein  defined  as  gain  >  -10  dBi) 
of  approximately  150  to  170  deg,  varying  with  the  azimuthal  angle.  This  is  not  in  good  agreement 
with  simulation,  which  yielded  a  maximum  gain  of  4  dBi,  with  an  angular  coverage  of  approximately 
161  to  168  deg.  Gain  is  maximized  toward  the  rear  of  the  half-M795,  and  it  is  believed  that  this  is 
due  to  diffraction  around  the  metal  body.  Cross-polarization  simulation  and  measurement  results  are 
shown  in  figure  12.  A  maximum  measurement  of  -2.8  dBi  was  detected,  as  compared  to  a  maximum 
simulation  result  of  -34.7  dBi. 
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Figure  1 1 

Measured  and  simulated  radiation  pattern  at  2.254  GHz  -  elevation  plane 


Measured  and  simulated  radiation  pattern  at  2.254  GHz  -  elevation  plane  (cross-polarization) 

The  antenna’s  radiation  pattern  in  the  azimuthal  plane  at  2.254  GHz  is  shown  in  figure  13. 
The  pattern  shows  excellent  symmetry  around  the  center  axis,  both  in  measurement  and  simulation. 
Cross-polarization  simulation  and  measurement  results  are  shown  in  figure  14,  which  yielded  a 
maximum  measurement  of -13.9  dBi  and  a  maximum  simulation  result  of -24.1  dBi. 
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Figure  13 

Measured  and  simulated  radiation  pattern  at  2.254  GHz  -  azimuthal  plane 


Measured  and  simulated  radiation  pattern  at  2.254  GHz  -  azimuthal  plane  (cross-polarization) 
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CONCLUSIONS 

The  designed  inverted-F  antenna  can  be  used  in  smart  munitions  for  S-band  telemetry.  It 
has  been  fired  on  both  155-mm  artillery  and  120-mm  mortar  projectile  platforms  with  success.  The 
antenna  is  small,  inexpensive  to  produce,  more  compact  than  a  monopole,  and  requires  no  external 
matching  components.  It  can  fit  underneath  a  plastic  or  any  nonconductive  munition  nosecone.  The 
performance  of  the  antenna  was  validated  by  measurements  in  an  anechoic  chamber  and  with  a 
network  analyzer.  The  measurements  show  that  the  antenna  operates  at  the  intended  frequency 
and  provides  omni-directional  coverage  azimuthally  around  the  body  of  the  munition. 
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